P Pu ur rp po os se e: : The goal of this study was to analyze the effect of positive end-expiratory pressure (PEEP), with and without a lung recruitment maneuver, on dead space.
M Me et th ho od ds s: : 16 anesthetized patients were sequentially studied in three steps: 1) without PEEP (ZEEP), 2) with 5 cm H 2 O of PEEP and 3) with 5 cm H 2 O of PEEP after an alveolar recruitment strategy (ARS). Ventilation was maintained constant. The single breath test of CO 2 (SBT-CO 2 ), arterial oxygenation, end-expiratory lung volume (EELV) and respiratory compliance were recorded every 30 min.
R Re es su ul lt ts s: : Physiological dead space to tidal volume decreased after ARS (0.45 ± 0.01) compared with ZEEP (0.50 ± 0.07, P < 0.05) and PEEP (0.51 ± 0.06, P < 0.05). The elimination of CO 2 per breath increased during PEEP (25 ± 3.3 mL·min -1 ) and ARS (27 ± 3.2 mL·min -1 ) compared to ZEEP (23 ± 2.6 mL·min -1 , P < 0.05), although ARS showed larger values than PEEP (P < 0.05). Pa-etCO 2 difference was lower after recruitment (0.9 ± 0.5 kPa, P < 0.05) compared to ZEEP (1.1 ± 0.5 kPa) and PEEP (1.2 ± 0.5 kPa).
Slope II increased after ARS (63 ± 11%/L, P < 0.05) compared with ZEEP (46 ± 7.7%/L) and PEEP (56 ± 10%/L). Slope III decreased significantly after recruitment (0.13 ± 0.07 1/L) compared with ZEEP (0.21 ± 0.11 1/L) and PEEP (0.18 ± 0.10 1/L). The angle between slope II and III decreased only after ARS. After lung recruitment, PaO 2 , EELV, and compliance increased significantly compared with ZEEP and PEEP.
C Co on nc cl lu us si io on n: : Lung recruitment improved the efficiency of ventilation in anesthetized patients. 1-3 Lung recruitment maneuvers are defined as ventilatory strategies used for treating these negative effects of lung collapse. [4] [5] [6] The goal of these maneuvers is to open up the collapsed lung areas and keep them open over time. This "open lung condition", i.e. a lung without collapse, represents the best ventilation/perfusion relationship (V/Q) in a particular lung. 7 Dead space is defined as "wasted" ventilation and can be studied with the single breath test of CO 2 (SBT-CO 2 ), the graphic of exhaled CO 2 against tidal volume. The SBT-CO 2 is closely related to the matching of pulmonary ventilation and perfusion giving information on both the efficiency of ventilation and CO 2 exchange. [8] [9] [10] We hypothesized that a lung recruitment maneuver would reduce dead space. The aim of this work was to study the effect of PEEP, with and without a lung recruitment maneuver, on dead space analyzed with the SBT-CO 2 .
Objectif
M Me et th ho od ds s After approval by the local Ethics Committee and after obtaining written informed consent, we prospectively studied sixteen patients undergoing open lower abdominal surgery. We enrolled patients ASA II-III, without smoking history or cardiopulmonary uncompensated diseases.
Anesthesia induction was performed with fentanyl 4 µg·kg -1 , thiopental 3 mg·kg -1 and vecuronium 0.08 mg·kg -1 and maintained with isoflurane and bupivacaine 0.5% through an epidural catheter inserted at L2-3.
After tracheal intubation with a cuffed endotracheal tube, we ventilated the lungs with a Siemens 900 C ventilator (Siemens-Elema, Solna, Sweden). Air leak around the endotracheal tube was detected by comparing inspired-expired tidal volume (VT) measured proximally in the airway. A volume controlled mode was used with a VT of 8 mL·kg -1 , respiratory rate (RR) between 10 to 15 beats·min -1 , FIO 2 of 0.5, inspiratory time of 0.3 without pause and, initially, without positive end-expiratory pressure (ZEEP). We increased or decreased alveolar ventilation by adjusting RR to reach an end-tidal CO 2 value of 34 mmHg while maintaining VT constant.
Static respiratory compliance was measured dividing VT by the pressure differences between plateau and total PEEP.
End-expiratory lung volume (EELV) was measured by pushing the expiratory pause button of the Servo 900C for six seconds during the inspiratory pause while releasing PEEP from 5 cm H 2 O to ZEEP. Thus, a volume of gas is expelled until functional residual capacity at ambient pressure is reached. The EELV was then determined by subtracting the average value of the latest three normal expiratory tidal volumes before the maneuver from the volume of gas measured. We recorded this volume continuously in a computer and analyzed it off-line. The return of the expiratory flow curve to baseline at the EELV-maneuver was used for checking air trapping.
Carbon dioxide elimination (VCO 2 ) was calculated by multiplying alveolar ventilation and mean alveolar fraction of CO 2 . Oxygen consumption (VO 2 ) was calculated as the product of alveolar ventilation and inspiratory-expiratory O 2 difference. The respiratory quotient was calculated dividing VCO 2 by VO 2 .
The SBT-CO 2 and its variables are explained in Appendix I, available as Additional Material at www.cja-jca.org.
Protocol
We maintained the ventilatory, hemodynamic and metabolic states constant during the study. In each patient we studied three periods sequentially: The maneuver was performed in pressure control ventilation following sequential steps ( At the end of each period (30 min), we recorded SBT-CO 2 curves and took blood samples for dead space analysis. Blood specimens were processed and corrected for body temperature within five minutes of extraction by a gas analyzer ABL 510 (Radiometer, Copenhagen, Denmark). Body temperature was measured with an esophageal thermometer.
Comparison of variables among periods was carried out using analysis of variance performed by INSTAT 2.0 (GraphPad, San Diego, CA, USA). If the variance F-statistic was significant the Student-Newman-Keuls post-test detected significant differences. EELV between PEEP and ARS was evaluated by the Student's t test. Values are reported as mean ± SD and a P < 0.05 was considered significant. R Re es su ul lt ts s Nine females and seven males, aged 65 to 80 yr (71.2 ± 4.5), with body mass indices between 24 to 30 (26.8 ± 2.1) undergoing hysterectomies (n = 3) and hemicolectomies (n = 13) were studied.
Lung recruitment increased dead space variables related to lung efficiency and decreased variables related to inefficiency. PEEP alone did not have same effect on dead space (Table I) .
Phase II slopes showed a significant increase with PEEP and ARS although lung recruitment showed the highest values. These steeper slopes were associated with a corresponding decreases in Vol II/VT (Table I) .
Normalized phase III slope decreased with PEEP ventilation and showed an additional diminution after ARS. Volume of phase III increased with ARS and PEEP compared with ZEEP. The angle between II-III showed significant differences only after the recruitment maneuver (Table I) . Table II shows partial pressures of CO 2 and the alveolar ventilation at constant minute ventilation. PaetCO 2 was significantly lower and alveolar ventilation larger after ARS compared with ZEEP and PEEP.
Arterial oxygenation, EELV and respiratory compliance showed a significant increase after lung recruitment compared with ZEEP and PEEP. PEEP without lung recruitment showed compliance values significantly higher than ZEEP but without changes in PaO 2 ( Figure 2 ).
Hemodynamic and metabolic variables stayed constant at all times (Table III, Values are presented as mean ± SD. A P value lower than 0.05 was considered significant. *PEEP against ZEEP, P < 0.05; †ARS against ZEEP, P < 0.05; ‡ARS against PEEP, P < 0.05. ). *ARS against ZEEP, P < 0.05; †ARS against PEEP, P < 0.05.
PEEP without recruitment showed an intermediate effect between ZEEP and ARS in all variables studied. In anesthetized patients low levels of PEEP has a contradictory effect on arterial oxygenation 5 and atelectasis. 11 Studies results agree in that the recruitment of collapsed airways is the main effect of PEEP without a recruitment maneuver. 12, 13 Atelectasis treatment requires higher airway pressures than the amount of PEEP commonly used during anesthesia to pop open collapsed alveoli. 1, 4, 5, 11 The incomplete lung recruitment observed with the use of PEEP alone must be the main explanation for our findings.
In contrast to PEEP alone, lung recruitment maneuver increase both, the cross-sectional area of small airways and the alveolar-capillary area, by reversing airway and acinar collapse respectively. 4, [11] [12] [13] This total recruitment or open lung condition 7 improves the diffusive CO 2 transport at the acinar level and could explain the changes observed in the SBT-CO 2 .
Increasing CO 2 diffusion after the ARS moves the interface between convective-diffusive transport mouthward, thus decreasing the VDAW measured by Fowler's method 8 (Appendix I, available as Additional Material at www.cja-jca.org).
Lung recruitment was also associated with an improved efficiency in CO 2 elimination as expressed by a larger VTCO 2,br and a lower Pa-etCO 2 at constant VCO 2 and ventilator settings. These results indicate that the area of gas exchange increased and V/Q improved.
Differences between PEEP and ARS in the distribution of gas volumes within the lung may have an impact on gas exchange and respiratory compliance. Analyzing EELV and the volumes of phases I-II-III, we observed that the recruitment maneuver re-distributed the VT away from phases I-II towards the volume of phase III (alveolar gas). Compared with ZEEP, PEEP without a recruitment maneuver increased volume of phase III but at the same time, retained some volume within the inefficient parts of the VT (phases I and II).
Changes in the slope of phases II and III at ZEEP could be explained by the co-existence of acini with different time constants due to aging 14 and partial collapse. Our results resemble those found in asthma and emphysema where both, small airway narrowing and tissue degeneration cause a diffusional resistance to CO 2 transport. 15, 16 Total lung recruitment has a positive effect on CO 2 diffusion as reflected by the changes observed in volumes and slopes of phases II-III after ARS. On the one hand, we think that an increase in the cross-sectional area caused by airway recruitment could improve the CO 2 diffusive transport from alveoli to bronchioli. On the other hand, an increase in the area of gas exchange due to a recruitment of atelectasis improved the diffusive transport from the capillaries to the alveoli (Appendix II, available as Additional Material at www.cja-jca.org).
Some clinical data support our explanation: in children, the multiplication of alveolated airways and pul- H 2 O), and end-expiratory lung volume (EELV in mL). ZEEP = no PEEP, PEEP = 5 cm H 2 O, and ARS = alveolar recruitment strategy. *PEEP against ZEEP, P < 0.05; †ARS against ZEEP, P < 0.05; ‡ARS against PEEP, P < 0.05. monary capillaries increases the airway's cross-sectional and gas exchange area with a corresponding decrease in phase III slope. 17 In contrast, Schwardt et al. 18 showed increased phase III slope in emphysema patients with a known reduction in functional zones of the lung.
The design of the study is linear making possible lung volume deteriorations over time. For this reason, we chose to evaluate the recruitment effect in the last term reflecting possibly the worse condition. Future randomized studies are needed to extrapolate our findings into routine clinical practice.
In summary, the ARS improved the efficiency of ventilation in anesthetized patients. Differences observed in the SBT-CO 2 between PEEP with and without an lung recruitment maneuver, can be explained by the effectiveness of the treatment of pulmonary collapse.
